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Objective. To assess the influence of sandblasting conditions applied to conventional-type

yttria-stabilized tetragonal zirconia polycrystal (Y-TZP) on surface roughness, phase trans-

formation, and biaxial flexural strength.

Methods. Commercially available Y-TZP (Lava Frame, 3M Dental Products) disks were used

after  sintering (specimen dimensions: 14 mm in diameter and 1.2 mm in thickness). The

surfaces of specimens were ground, and then sandblast treatments were conducted at dif-

ferent pressures (0.20, 0.25, 0.30, 0.35 and 0.40 MPa) and distances (1, 5, 10 and 20 mm)  with

50  �m alumina particles. Surface roughness measurements were performed and scanning

electron microscopy (SEM) images were taken for surface characterizations. Phase trans-

formation of Y-TZP was identified by X-ray diffraction (XRD). Biaxial flexural strength was

measured using the piston-on-three-ball test.

Results. The surface roughness increased significantly by increasing the sandblasting pres-

sure,  and microcracks were observed at high sandblasting pressure at 0.40 MPa. The shortest

sandblasting distance (1 mm) was not effective to increase the surface roughness compared

with  other sandblasting distances. A tetragonal to monoclinic phase transformation was

observed after grinding. The degree of the phase transformation tended to increase with

sandblasting pressure, and significant effect was independent of the sandblasting distance.

The biaxial flexural test showed improved mechanical strengths for the samples after sand-

blasting at 0.20–0.35 MPa, with the maximum strength at 0.25 MPa. Sandblasting at 0.40 MPa

decreased the strength as compared with 0.25 MPa.
Significance. The surface roughness increased with increasing the sandblasting pressure,

whereas there was an optimal sandblasting pressure range to increase biaxial flexural

strength of Y-TZP.
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1.  Introduction

Zirconia-based ceramics, especially conventional yittria-
stabilized tetragonal zirconia polycrystals (Y-TZP), have
attracted great interest in prosthetic and implant dentistry
because of their superior mechanical performance [1–3].
The mechanical performance of Y-TZP relates to the tol-
erance to damage under tensile stress through the crystal
phase transformation from tetragonal to monoclinic phases,
accompanying with 3–4% volume expansion that induces
compressive stresses, closes crack tips and thus prevents fur-
ther crack propagation [4,5].

The major clinical problem with the use of zirconia-
based ceramics is the difficulty in achieving suitable bonding
with intended synthetic substrates or natural tissues [6–8].
Airborne-particle abrasion (mainly sandblasting with alumina
particles) is commonly employed, as this procedure cleans
the ceramic surface, removes impurities, increases surface
roughness, and modifies the surface energy and wettability
[9,10], The positive effects of sandblasting on bonding between
zirconia and luting agents have been evaluated by several
meta-analyses [11,12], whereas the effectiveness for bond-
ing to veneering ceramics remain unclear [13]. Moreover, the
effects of sandblasting on the mechanical properties of den-
tal zirconia remain also unclear; for example, sandblasting
on Y-TZP has been reported to both increase and decrease
its mechanical strength [10,14], suggesting that there is an
optimal sandblasting condition to increase its mechanical
strength.

In this study, in order to reveal the optimal sandblasting
condition to increase mechanical strength of Y-TZP, we mea-
sured the biaxial flexural strength of commercially-available
conventional Y-TZP (Lava Frame Zirconia; 3M Dental Prod-
ucts) after sintering, grinding, and sandblasting at different
conditions (pressures at 0.20, 0.25, 0.30, 0.35 or 0.40 MPa,  and
distances of 1, 5, 10 or 20 mm).  The effects of sandblasting con-
dition on surface roughness and crystalline phase of Y-TZP
are also reported. The null hypothesis is that there is no dif-
ference between the biaxial flexural strengths of Y-TZP after
sandblasting at different conditions.

2.  Materials  and  Methods

2.1.  Materials

Pre-sintered Y-TZP (Lava Frame Zirconia) was kindly donated
by 3M Dental Products (Seefeld, Germany). Alumina particles
with 50 �m in size (Hi-Aluminas; Shofu Inc., Kyoto, Japan) were
used for sandblasting.

2.2.  Sample  preparation

A low-speed cutting machine was used to cut the pre-sintered
zirconia under wet  conditions with tap water. After the disks

were sintered at 1500 ◦C for 2 h (heating rate: 20 ◦C/min from
room temperature to 800 ◦C; 10 ◦C/min from 800 ◦C to 1500 ◦C;
cooling rate: below 15 ◦C/min), the sintered Y-TZP disks
(approximately 14 mm in diameter and 1.2 mm in thickness;
5 ( 2 0 1 9 ) 169–175

total number, 75) were divided randomly into the following
groups:

Group A (as-sintered samples): The samples after sintering
were used without any treatments.

Group G (ground samples): After sintering, both sides of
the disks were ground sequentially with #120, #320, and #600
silicon carbide abrasive papers (Buehler, a division of Illinois
Tool Works Inc., IL, USA) under tap water irrigation to remove
pollutants. In order to standardize the grinding conditions, the
grinding procedure was performed by a single operator, and
each abrasive paper was exchanged after grinding one side of
each disk.

Group SB (sandblasted samples): One side of each disk
after grinding was sandblasted with 50 �m alumina parti-
cles using a laboratory sandblaster (Hi-Blaster III; Shofu Inc.,
Kyoto, Japan) for 10 s at different pressures and distances.
After sandblasting, each disk was separately cleaned with
water three times, where water was replaced each time,
in an ultrasonic cleaner (ASU-2D; AS ONE Corp., Osaka,
Japan) for 1 min  at 23 kHz to remove the alumina parti-
cles and debris. The sample names were noted as SB/x
MPa/y mm (e.g., SB/0.25 MPa/10 mm),  where x and y indi-
cate the sandblasting pressure and distance, respectively.
In this study, the following 8 different sandblasting condi-
tions were applied by a single operator: SB/0.20 MPa/10 mm,
SB/0.25 MPa/10 mm,  SB/0.30 MPa/10 mm,  SB/0.35 MPa/10 mm,
SB/0.40 MPa/10 mm,  SB/0.25 MPa/1 mm,  SB/0.25 MPa/15 mm,
and SB/0.25 MPa/20 mm.

2.3.  Biaxial  flexural  strengths

The biaxial flexural strength test (N = 5) was performed using
the piston-on-three ball technique [15] in a universal test-
ing machine (Autograph AG-X, Shimadzu Corp., Kyoto, Japan).
Three 3.2 mm diameter stainless steel balls that were equidis-
tant from each other were placed on a circle with a diameter
of 10 mm.  The disk was placed centrally on the steel balls.
Unless otherwise stated, the sandblasted side faced the steel
balls, where a load piston (1.2 mm in diameter) was applied
from the side opposite to sandblasted surface (crosshead
speed of 1.0 mm/min) in order to apply a tensile stress on
the sandblasted side. The fracture load for each specimen
was recorded, and the biaxial flexural strength was calculated
using the following Eq. (1):

S = −0.2387 P (X − Y)
d2

(1)

where S is biaxial flexural strength (MPa); P is fracture load
(N); and d is specimen disk thickness at fracture origin (mm).
X and Y were determined as follows:

X = (1  + u) ln
(

r2

r3

)2
+

[
1 − u

2

]  (
r2

r3

)2
(2)
Y = (1 + u)

[
1 + ln

(
r1

r3

)2
]

+ (1 − u)
(

r1

r3

)2
(3)
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Fig. 1 – Scanning electron microscope (SEM) photographs of yttria-stabilized tetragonal zirconia polycrystal (Y-TZP) after (a:
Group G) grinding and (b–f: Groups SB) sandblasting at different pressures (MPa): (b) 0.20, (c) 0.25, (d) 0.30, (e) 0.35, and (f)
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here u is Poisson’s ratio (0.25), r1 is the radius of the support
ircle, r2 is the radius of the load piston, and r3 is the radius of
he sample.

.4.  Surface  Characterizations

he phase transformation induced by the surface treatments
as  determined by measuring the peak intensity ratio in the
-ray diffraction (XRD) pattern of the samples. The XRD data
ere collected with a �/2� diffractometer (RINT2500HF) using
u-K� (1.54 Å) irradiation at 40 kV and 200 mA.  XRD patterns
ere obtained in the range 2� = 25–36◦ at a scan speed of

◦/min. Monoclinic peak intensity ratio (Xm) was calculated
sing the method reported by Garvie and Nicholsone [16] as

ollows:

m =
Im

(
1̄11

)
+ Im (111)

Im
(

1̄11
)

+ Im (111) + It (111)
(4)

here It and Im represent the integrated intensities of tetrag-
nal (111)t peak and monoclinic (111)m and (−111)m peaks
round 2� = 30◦, 31◦ and 28◦, respectively. Monoclinic phase
ontent (Fm) was calculated using the method reported by
araya et al. [17] as follows:

m = 1.311Xm

1 + 0.311Xm
(5)

The surface morphology was observed by scanning elec-

ron microscopy (SEM) using a JSM-6701F microscope (JEOL
td., Tokyo, Japan) operated at 5 kV after each sample was fixed
n an aluminum stub and coated using a Neoc-Pro osmium
oater (Meiwafosis Co. Ltd., Tokyo, Japan).
 s. The white arrow indicates a microcrack.

The average surface roughness (Ra) of each sample was
determined using a profilometer (HandySurf E-35B; Mitutoyo
Corp., Kanagawa, Japan) with active tip radius of 2 �m,  read-
ing length of 1.0 mm,  and reading speed of 0.6 mm/s. Five
measurements at different locations, in which the distance
between each parallel track set at least 0.5 mm,  were recorded
for each specimen, and the average value was calculated.

2.5.  Statistical  analysis

After the normality and the homogeneity of variance were
tested using Shapiro-Wilk and Levene’s tests, respectively,
a one-way analysis of variance (ANOVA) was performed to
investigate the effect of sandblasting pressure (Groups A, G,
SB/0.20 MPa/10 mm,  SB/0.25 MPa/10 mm,  SB/0.30 MPa/10 mm,
SB/0.35 MPa/10 mm,  and SB/0.40 MPa/10 mm),  dis-
tance (Groups SB/0.25 MPa/1 mm,  SB/0.25 MPa/5 mm,
SB/0.25 MPa/10 mm,  and SB/0.25 MPa/20 mm),  or load direc-
tion for SB/0.25 MPa/10 mm.  The Tukey-Kramer test was used
to detect multiple comparisons among the above experimen-
tal groups. All statistical tests were performed using R ver.
3.3.2 [18] at preset alpha levels of 0.05.

3.  Results

3.1.  Sandblasting  pressure

First, the effect of sandblasting pressure was investigated

using conventional Y-TZP at constant sandblasting distance
(10 mm).  The SEM image  and the surface roughness profile
of as-sintered Y-TZP (Group A) were summarized in Sup-
plemental Fig. S1. Fig. 1 shows SEM images of the samples

https://doi.org/10.1016/j.dental.2018.11.009
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Fig. 2 – Surface roughness profiles for conventional
yttria-stabilized tetragonal zirconia polycrystal (Y-TZP) after
(a: Group G) grinding and (b–f: Groups SB) sandblasting at
different pressures (MPa): (b) 0.20, (c) 0.25, (d) 0.30, (e) 0.35,
and (f) 0.40. The sandblasting distance was 10 mm and the
time was 10 s. The values indicate the calculated average
roughness (Ra) value (�m)  ±standard deviation (SD) (N = 5).
Different italic superscript letters on the values indicate
statistically significant difference between the groups from
Tukey–Kramer tests (p < 0.05).
172  d e n t a l m a t e r i a 

after the mechanical surface treatments (Groups G and SB).
Before sandblasting (i.e., just after grinding with silicon car-
bide abrasive paper under water-cooling conditions; Group G),
superficial flaws  such as scratches were observed. The sand-
blasted samples (Groups SB) showed rough surfaces, and some
microcracks were formed at the highest sandblasting pres-
sure at 0.40 MPa.  As shown in Fig. 2, Ra values increased with
increasing sandblasting pressure, and the largest Ra value was
obtained at the highest sandblasting pressure (0.40 MPa).

Fig. 3 shows the XRD patterns of as-sintered samples
(Group A) without any treatment, showing only tetragonal
phase. After grinding (Group G), the broadening of the tetrag-
onal (111) peak at 2� = 30◦ was observed (Fig. 3b) and the full
width at half maximum (FWHM) of the peak increased from
0.18 to 0.34. In Fig. 3b, the monoclinic (−111) peak at 2� = 28.2◦

was detected, and the monoclinic phase content (Fm) was 2.0%
after grinding (Group G). After sandblasting (Group SB), Fm

and FWHM increased up to 10.3% and 0.45, respectively, by
increasing the sandblasting pressures (Figs. 3c–g).

Biaxial flexural strengths before and after the mechani-
cal surface treatments are summarized in Fig. 4. Although
there is no statistically significant difference between Groups
A (i.e., as-sintered samples) and G (i.e., the samples after
grinding), Groups SB at 0.20–0.35 MPa significantly improved
the flexural strength compared with Groups A and G. How-
ever, the strength decreased significantly after sandblasting
at the highest pressure of 0.40 MPa compared with 0.25 MPa.
Note that when the load piston was applied from side
with the sandblasted surface in order to apply a compres-

sive stress on the sandblasted side (i.e., tensile stress was
applied on the non-sandblasted surfaces after grinding), there
was no significant different between the strengths of Group

Fig. 3 – X-ray diffraction (XRD) patterns of (a: Group A) as-sintered yttria-stabilized tetragonal zirconia polycrystal (Y-TZP)
and those after (b: Group G) grinding followed by (c–g: Groups SB) sandblasting at different pressures (MPa): (c) 0.20, (d) 0.25,
(e) 0.30, (f) 0.35, and (g) 0.40. The sandblasting distance was 10 mm and the time was 10 s. The right graph contains
enlarged XRD patterns showing monoclinic phase. m:  monoclinic phase; t: tetragonal phase; Fm: monoclinic phase content;
and FWHM:  full width at half maximum of the peak at 2� = 30◦.

https://doi.org/10.1016/j.dental.2018.11.009
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Fig. 4 – Biaxial flexural strengths of as-sintered yttria-stabilized tetragonal zirconia polycrystal (Y-TZP) and those after
grinding and sandblasting at different pressures. The sandblasting distance was 10 mm and the time was 10 s. Error bars
show standard deviation (SD) (N = 5). Different italic letters on the bars indicate statistically significant difference between
the groups from Tukey-Kramer test (p < 0.05).

Table 1 – Monoclinic phase contents (Fm), average roughness (Ra) and biaxial flexural strengths of yttria-stabilized
tetragonal zirconia polycrystal (Y-TZP) after sandblasting at 0.25 MPa at different distances. Ra and biaxial flexural
strength values are given as mean ± standard deviation (SD).

Distance (mm) 1 5 10 20
Fm (%) 7.3 8.5 8.7 7.7
Ra (�m) 0.26 ± 0.06b 0.37 ± 0.04a 0.33 ± 0.02a 0.38 ± 0.02a

A A A A

e bet

S
s
o

3
T
c
(
t
s
A
b
G
d
t
t
d
s

Biaxial flexural strength (MPa) 1380 ± 56

Different superscript letters indicate statistically significant differenc

B/0.25 MPa/10 mm and of Group G (Supplemental Fig. S2),
uggesting the formation of a surface compressive force only
n the sandblasted surface.

.1.1.  Sandblasting  distances
he effect of sandblasting distance was investigated using
onventional Y-TZP at constant sandblasting pressure
0.25 MPa). The results were summarized in Table 1. Note that
he sandblasting was inhomogeneous in the case of short
andblasting distances at 1 and 5 mm (Supplemental Fig. S3).
t all distances in the range 1–20 mm,  Fm and Ra increased
y sandblasting compared with the ground samples (Group
). The Ra value for the samples after sandblasting at 1 mm
istance were smaller than those at other sandblasting dis-

ances, suggesting that there remained some surface regions
hat had not received abrasion. However, the sandblasting
istance does not significantly change the biaxial flexural
trength.
1364 ± 32 1342 ± 72 1322 ± 45

ween the groups from Tukey–Kramer test (p < 0.05).

4.  Discussion

This study showed that there was significant difference
between the biaxial flexural strengths of the sandblasted Y-
TZP samples at different sandblasting pressure conditions.
Therefore, the null hypothesis was rejected, and hence our
results suggest that there is an optimal sandblasting condition
to increase the mechanical strength of conventional Y-TZP.

In this study, the sandblasting was conduced onto the
samples after grinding both sides of the samples with
silicon carbide abrasive papers under a water-cooling con-
dition, in order to reduce the variations of parallelism and
flatness of the sample disks for biaxial flexural tests. Zirconia-
based prostheses are prepared using a computer-aided design
and computer-aided manufacturing (CAD/CAM) technology.
Although the precision of CAD/CAM technology has been

improved, zirconia-based prostheses require a grinding pro-
cess with diamond rotary instruments in order to increase its
adaptability or to adjust the occlusion during the fabrication

https://doi.org/10.1016/j.dental.2018.11.009
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or the clinical application stage [19]. Grinding had been rec-
ommended as a surface treatment for zirconia to improve the
bond strength to veneering porcelain, although the recom-
mendation cannot be verified by a recent systematic review
[20]. In terms of the effect of grinding on mechanical prop-
erties of Y-TZP, Garvie et al. first reported the strengthening
of zirconia-based ceramics after grinding due to the associ-
ation between tetragonal-to-monoclinic transformation and
the generation of superficial compressive stress [21]. However,
grinding has also been reported to exert both positive and
negative effects on Y-TZP. For example, the grinding of Y-TZP
with diamond burr under dry conditions caused a significant
decrease in the flexural strength [22], whereas grinding under
water-cooling conditions caused a significant increase in the
strength [23,24]. Our results showed that grinding with sil-
icon carbide fixed abrasives under water-cooling conditions
(Group G) did not significantly affect the biaxial strength of
Y-TZP as compared with as-sintered samples (Group A). The
inconsistency of the grinding effects compared with the pre-
vious studies would be due to different degrees of tetragonal
phase transformation (i.e., degree of superficial compressive
stress generation) on Y-TZP and of superficial flaw formation.
In clinical/laboratory situations, diamond-fixed/impregnated
burs have been recommended for grinding due to their high
grinding efficiency and low heat generation [19]. Lee et al.
evaluated the effects of the components in grinding burs,
and reported that the bur impregnated with silicon carbide
grains induced less degree of tetragonal phase transforma-
tion of Y-TZP as compared with diamond burs [19]. Note that
the tetragonal phase transformation depth (70–120 nm [19])
is much lower than the sandblasting depth (around 5 �m in
the case of sandblasting with 50-�m alumina at 0.2 MPa for
7 s [25]), and the effect of grinding on mechanical properties
would be negligible after sandblasting homogeneously.

The sandblast treatment involves impacting the target sur-
face with hard particles at high velocities, thereby eroding
the material and leaving a roughened surface with expected
higher wettability [9]. Although there are some systematic
experimental data for understanding the effects of airborne
particle sizes on the mechanical properties of Y-TZP [26–28],
to the best of our knowledge, there is no report on the effect of
the sandblasting distance, and there are only two reports for
the sandblasting pressures: Egilmez et al.  [29] compared the
flexural strengths of as-sintered Y-TZP and those after sand-
blasting at 0.2, 0.4 and 0.6 MPa with 110-�m alumina, whose
size was larger than that recommended by manufacturers
(e.g., <50 �m [30]; 50–70 �m [31]); and Moon et al. [9] system-
atically compared flexural strengths of Y-TZP after polishing
and after sandblasting with three different sizes of alumina
particles (25, 50, and 125 �m),  two different pressures (2 and
4 bar), two distinct application times (10 and 20 s) and two
distinct incidence angles (45◦ and 90◦) by using three-point
bending tests that have been used extensively in the past
but have a significant disadvantage in that it is difficult to
eliminate undesirable edge failures [32,33] as compared with
the biaxial flexural strength tests used in this study. In this

study, we  also showed that the surface roughness increased
with increasing the sandblasting pressure, whereas there was
an optimal pressure range to increase the biaxial flexural
strength of Y-TZP. The sandblast treatment applied to Y-TZP
5 ( 2 0 1 9 ) 169–175

surfaces have been reported to induce protective compressive
residual stresses from the tetragonal-to-monoclinic transfor-
mation, thereby increasing the flexural strength [10]. However,
as shown in the SEM images in this study, too much sand-
blasting pressure induced the formation of microcracks that
decreased the flexural strength. At the optimum sandblasting
pressure (0.25 MPa) in this study, although the short sandblast-
ing distance resulted in inhomogeneous surfaces (i.e.,  there
remained some surface regions that had not received abra-
sion), the sandblasting distance ranging 1–20 mm does not
significantly affect the biaxial flexural strength, which might
be due to the limitation of in-vitro biaxial flexural strength
tests (i.e., it seems to be important to form protective com-
pressive residual stresses near the fracture point). Although
the sandblasting time was fixed to 10 s in this study, the
sandblasting time also influenced the formation of protective
compressive residual stresses [11]. Further studies will provide
more  optimal sandblasting conditions for Y-TZP.

5.  Conclusions

Within the limitations of this study, the following conclusions
were drawn:

1. After mechanical surface treatment, phase transformation
of tetragonal to monoclinic was observed for conventional
Y-TZP.

2. Grinding with silicone carbide fixed abrasions under water-
cooling conditions did not significantly change the biaxial
flexural strength of Y-TZP.

3. Sandblasting increased the surface roughness of Y-TZP.
4. There was an optimal sandblasting pressure range to

improve the strength of Y-TZP, and the optimal sand-
blasting pressure range for Lava Frame Zirconia was
0.20–0.35 MPa in the case of sandblasting time of 10 s.
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